Rhodopseudomonas capsulata can grow in a number of altemative modes, including (i) photosynthetic, defined here as anaerobic growth with light as the energy source, and (ii) heterotrophic, referring to aerobic heterotrophic growth in darkness. The functions of citric acid cycle sequences in these growth modes were investigated using wild-type and appropriate mutant strains. Results of growth tests and 02 utilization experiments showed that in the heterotrophic mode, energy conversion is dependent on operation of the classical citric acid cycle. Alpha-ketoglutarate dehydrogenase (KGD) activity in wild-type strain B10 is substantially higher in cells grown heterotrophically than in cells grown photosynthetically. Molecular oxygen, even at low concentration, appears to be important in regulation of KGD synthesis and, thus, in expression of citric acid cycle activity. Extracts of (photosynthetically grown) mutant strain KGD11 lack demonstrable KGD activity, and in contrast to the wild type, KGD11 is unable to grow heterotrophically on 
ious1essential cell constituents. In certain kinds of bacteria, segments of the cycle function only for biosynthetic purposes, for example, in strict anaerobes such as Clostridium kluyveri (35) and in so-called "obligate" chemoautotrophs (32) . In facultative heterotrophic aerobes-anaerobes, the relative commitments of citric acid cycle sequences to biosynthetic and bioenergetic func-monas capsulata presents unusual opportunities for investigation of this and related problems because it is capable of growing in five distinctly different ways (24) : (i) anaerobically as a photoautotroph on H2 plus C02 with light as the energy source, (ii) anaerobically as a photoheterotroph on various organic carbon sources with light as the energy source, (iii) as a fermentative anaerobe in darkness on sugars as sole carbon and energy sources, (iv) aerobically as an ordinary chemoheterotroph in darkness, and (v) aerobically as a chemoautotroph in darkness with H2 as the source of energy and reducing power. In this communication, we present observations on operation of the citric acid cycle and component sequences in R. capsulata mainly in connection with two particularly prominent growth modes, namely, photoheterotrophic (anaerobic) and aerobic (dark) chemoheterotrophic.
MATERIALS AND METHODS
Bacterial strains. The general characteristics of R. capsulata wild-type strain B10 are typical for the species (36) . Mutant WE29 is a derivative of B10, and lacks both citrate synthase (CS) and isocitrate dehydrogenase (ICD) activities (7) . Although this strain was originally thought to be a single-site mutant, more detailed genetic analysis (J. T. Beatty, M.A. thesis, Indiana University, Bloomington, 1978) has shown that the enzymatic deficiencies noted result from two separate mutations; similar mutants of E. coli have been described by others (19) . Mutant T500, deficient in CS activity, was derived from B10 as detailed below. Strain KGD11 was also obtained from B10, after ethyl methane sulfonate mutagenesis, and is virtually devoid of KGD activity (6a) Culture media and growth conditions. Unless otherwise noted, the bacteria were grown in a minimal synthetic medium, designated RCVB, which contains 30mM DL-malate and 7.5 mM (NH4)2S04 as the C and N sources, respectively (6a) . When organic carbon sources other than malate were used, these and the potassium phosphate component were added aseptically to the remainder of the sterile medium. In all instances, organic carbon sources were added so as to provide an initial C concentration equivalent to that of 30 mM malate.
For photoautotrophic growth, RCVB medium was modified by omission of malate and increase of phosphate buffer concentration from 10 mM to 20 mM (note that phosphate concentration was also doubled for cultures grown photoheterotrophically on succinate and for cultures grown aerobically in darkness). Erlenmeyer flasks of 1-liter capacity, containing 50 ml of inoculated medium under a gas phase of 5% CO2 in H2, were sealed with rubber stoppers.
For routine maintenance, stock cultures were grown photosynthetically in completely filled 17-ml (27) , and arsenite, which inhibits ketoacid dehydrogenase complexes through reaction with their lipoic acid moieties (10) . Both inhibitors caused striking inhibition of malate-dependent 02 utilization by intact cells (Fig. 1) . Depression of respiratory rate to 50% of normal occurred with ca. 0.5 uM fluoroacetate or 0.5 mM arsenite. The latter compound at 1 mM concentration completely inhibits KGD activity in crude extracts of R. capsulata (6a). These results support the conclusion that the citric acid cycle is the major mechanism used by R. capsulata for the aerobic oxidation of malate. Further eviconce was obtained by using mutants KGD11 (blocked in KGD activity; 6a) and T500 (blocked in CS). Cultures of the mutants were grown photosynthetically in malate medium supplemented with either 5 mM succinate (KGD11) or 5 mM Lglutamate (T500). Cells of T500 and KGD1l were found to consume 02 with malate as sub- Table 3 , which also gives the ratios of ICD to CS activities. In general, specific activities of both ICD and CS were higher in extracts of aerobically grown cells than in those from cells grown photosynthetically. The activities in "aerobic extracts," however, varied more widely, probably reflecting differences among cultures in respect to medium pH and other conditions that change as cell density increases during growth. Despite the wide variation in nutritional circumstances, the ratio of ICD to CS activities was relatively constant. This is also seen in the differential plot shown in Fig. 4 . An approximately linear relationship of the kind observed is interpreted as indicating coordinate expression of genes coding for the two enzymatic activities in question (3, 15) . The scatter of values from the line of the order seen in Fig. 4 is commonly observed in other systems where enzymes are coordinately synthesized (3, 12, 38) . Factors affecting KGD synthesis in R Cap8siat(L In R. capsulata, succinyl-CoA appears to be produced from malate and fumarate only via KGD activity (6a) and is required as a biosynthetic precursor under both respiratory (dark) and photosynthetic growth conditions. It might be supposed that with light as the energy source for growth, synthesis of KGD would be appreciably depressed as compared to cells growing aerobically in darkness on typical organic substrates, that is, under conditions in which KGD activity is also necessary for citric acid cycle-supported energy conversion. This notion was investigated by determination of KGD activity levels in cells cultivated on various carbon sources in the alternative growth modes (see Table 4 ). Except for two special situations (with succinate or L-glutamate as carbon sources), extracts of "aerobic dark cells" showed KGD activities three-to fivefold higher than extracts from cells grown photosynthetically. Thus, the relative KGD levels in aerobic and photosynthetic cells roughly parallel the relative respiratory rates observed in cells grown in the two modes (Table 1) .
Exceptions to the general pattern of results in Table 4 were observed with cultures grown aerobically on succinate and photosynthetically on L-glutamate as sole carbon sources. Succinate is, of course, derived from the succinyl-CoA generated by KGD activity, and when the C4 acid served as the sole carbon source aerobically, the enzyme level was significantly decreased. Glutamate as a sole carbon source under photosynthetic conditions, on the other hand, appeared to induce KGD synthesis.
Keevil et al. (18) have recently reported that even trace concentrations of 02 (ca. 20 ppm) in the gas phase can lead to detectably increased KGD levels in Citrobacterfreundii cells growing in "anaerobic" cultures. This is also true for R. capsulata as evidenced from experiments which will be noted here in brief summary. R. capsu- f Trimethylamine-N-oxide was used as the accessory oxidant for fermentative growth (23).
lata B10 was grown photosynthetically in continuous culture essentially as described by Aiking and Sojka (1), using RCVB medium modified so as to contain only 6 mM DL-malate (the limiting nutrient). Special precautions were taken, however, to remove 02 from the gas phase of ultrapure argon, and insofar as possible, all supply lines and connections were constructed of glass tubing. At a dilution rate of 0.05 h-1
(doubling time of 14 h), the KGD specific activity in extracts of the cells from several experiments was 15 ± 4 nmol min-lmg protein-'.
This activity corresponds to that observed in photosynthetic batch-culture cells ( The possibility that the commercially obtained DL-malate used for preparation of culture media contained sufficient succinate contamination to meet the biosynthetic succinyl-CoA requirement was entertained, and, indeed, small quantities of succinate were detectable by gas chromatographic analysis. This led to experiments designed to show that mutants such as KGD11 should be unable to grow photoautotrophically on C02 plus H2, that is, in media devoid of organic substrates.
Contrary to expectations, KGD11 showed the capacity to grow quite well as a photoautotroph under a gas phase of 5% C02 in H2. Moreover, from Fig. 5 it can be seen that although photosynthetic growth of KGD11 on C02 + H2 was slower than that of the wild-type strain, development of the mutant could be sustained through numerous doublings in successive subcultures. As far as is known, BChl synthesis in R. capsulata and closely related organisms occurs primarily via the "succinyl-CoA + glycine" pathway and, consequently, BChl levels can be used as an index of in vivo KGD activity. In the experiment of Fig. 5 Fig.  5 , it is evident that the BChl content of B10 was maintained at the normal level during photoautotrophic subculture. In KGD11, the specific BChl content diminished from the initial value of 2.2 in the succinate-grown inoculum to 1.7 in the third photoautotrophic subculture. The latter content was obviously still sufficient to support relatively good photoautotrophic growth, but since the BChl level was significantly lower than the wild-type value, it can be concluded that the rate ofsuccinyl-CoA generation in growing cells of the mutant was appreciably diminished. In the experiment of Fig. 5 , controls "were included to determine the reversion frequencies of KGD11 under the conditions used, and these were of the order of 8 x 10-6 or less; such frequencies cannot account for a significant fraction of the BChl observed in photoautotrophically grown mutant populations.
DISCUSSION
Organic acids such as malate, lactate, and pyruvate are readily used by most representatives of the Rhodospirillaceae as carbon sources for photoheterotrophic growth, or as carbon and energy sources for aerobic dark growth. It seems to be generally assumed that catabolism of the organic acids occurs via the citric acid cycle, but this view is largely an extrapolation from studies on the metabolism of Rhodospirillum rubrum (4, 29) . The present investigation provides evidence for operation of the cycle as a major mechanism in the dark aerobic (heterotrophic) metabolism of a typical and widely investigated species of the family Rhodospirillaceae. As in other kinds of cells, the citric acid cycle can fulfill several metabolic functions, primarily (i) generation of reduced pyridine nucleotide to support "electrophosphorylation" (13) and (ii) production of biosynthetic intermediates (mainly oxaloacetate, succinyl-CoA, and KG). The central importance of the cycle, or of component sequences, also is indicated by the fact that the activities of various enzymes are regulated by internediates of the cycle (5, 25 In cells growing photoheterotrophically with light as the energy source, the KGD reaction is significant only from a biosynthetic standpoint, that is, for generation of succinyl-CoA. The latter is used primarily for synthesis of BChl and heme proteins, which in photosynthetically grown Rhodopseudomonas are found to the extent of ca. 10 umol of BChl-mg protein-' (11, 34) and ca. 0.5 nmol of total heme. mg protein-' (30) .
From these values, the miniimum rate of succinyl-CoA synthesis necessary for maintaining the 2-h doubling time characteristic of wild-type R. capsulata in RCVB medium (24) can be calculated to be ca. 0.7 nmol.min-'. mg protein-' (at saturating light intensity; at low light intensity with a doubling time of 5 h, the calculated value is ca. 0.6). The quantity of succinyl-CoA required for biosynthesis is clearly of a different order of magnitude than that of KG. In Rhodospirillaceae growing photosynthetically, the maximum potential rate of KGD activity is much higher than the miniimum needed to produce the required succinyl-CoA (6a). Thus, typical specific activities of KGD in extracts of R. capsulata are of the order of 15 . Such values, of course, represent maximal activities observed in vitro with all substrates and cofactors at saturating concentrations. We assume that the in vivo rates must be considerably lower and subject to a variety of regulatory controls.
Calculations similar to those noted above can be made for mutant KGD11 growing photoautotrophically (on CO2 + H2) with a doubling time of 8 h and a somewhat diminished BChl content (Fig. 5) . In this case, the required in vivo rate of succinyl-CoA production is ca. 0.03 nmolmin-'-mg protein-'. Such low rates cannot be detected in cell extracts with available procedures, and this explains the seeming paradox of the capacity of KGD11 to grow photoautotrophically despite the "absence" of KGD activity and of fumarate reductase activity. Accordingly, in mutants of this kind, very low rates of KGD activity could account for the succinyl-CoA needed for biosyntheses. Even when there is a severe genetic block, "mutant enzymes" can have low residual activity (leakiness), and it is also possible that succinyl-CoA could be slowly produced by the pyruvate dehydrogenase complex or in some other way. It is relevant that observations similar to those under discussion have been made with E. coli. Creaghan and Guest (9) (6, 17, 21) , but the significance, if any, of this pathway in photosynthetic bacteria is still unclear (for recent studies in this connection, see reference 8). Investigations on purple photosynthetic bacteria indicate that in these organisms, the major (if not sole) source of 8-aminolevulinic acid is the succinyl-CoA + glycine condensation reaction (20) .
Although KGD-mutants of R. capsulata virtually devoid of KGD activity apparently produce sufficient succinyl-CoA for biosynthetic purposes when light is the energy source, the metabolic lesion in such strains is lethal for the aerobic dark growth mode because the bioenergetic function of the citric acid cycle cannot be maintained. The increase of KGD activity seen in extracts of cells grown aerobically as compared to extracts from "photosynthetic cells" is consistent with the need for greatly increased carbon flow via the cycle to maintain an adequate supply of reducing equivalents for the energy-converting respiratory apparatus.
The various controls that affect formation of citric acid cycle enzymes and their activities are still not well understood (for a recent discussion ofregulation of the cycle in mammalian systems, see reference 37). Deeper insights into this aspect of cell metabolismn should be facilitated by more detailed study of organisms like R. capsulata that have well-developed alternative mechanisms of energy conversion. In this respect, the effects of 02 on R. capsulata are of special interest. The observed increase in activity of several citric acid cycle enzymes as well as of the NADH oxidase system in cells grown aerobically suggests that exposure to 02 induces a multicomponent metabolic system of considerable complexity. Molecular oxygen appears to exert regulatory effects even when present at very low concentration, and this may well have meaning for further analysis of the biochemical evolution of aerobic systems from fermentative precursors.
